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Goal
Create a MATLAB simulation of laser pulses propagating through optical fibers while being affected by dispersion and non-linear effects using the SSPROP as a foundation.

1. Introduction

3. Method

Light propagation through an optical fiber is a relatively new
field of optics, having been born in the 1950’s (1). There is currently
a strong interest in this field to generate broadband laser radiation in
the mid-infrared (mid-IR) wavelength range (λ ≈ 2.5 - 5 µm). This
range is desired because of its many applications in biological
sensing, trace gas detection, and spectroscopy. However, due to a lack
of inexpensive laser materials for this range, it is difficult to
efficiently pursue these applications. A promising approach to
achieving this range is to start with a laser in the near-infrared region
(λ ≈ 1 – 2.5 µm), where a large variety of inexpensive laser sources
are available, and extend the range toward the mid-IR spectrum. This
process involves utilizing the properties of fiber optics and in
particular the nonlinear and dispersion effects. Dispersion affects the
shape of the laser pulse in the time domain by broadening the
physical shape of the pulse. Nonlinear effects affect the laser pulse in
the frequency domain and change the frequencies of different parts of
the pulse in order to broaden the frequency spectrum.

The nonlinear Schrödinger equation (NLSE) is the fundamental equation used in governing
the propagation of optical signals in dispersive nonlinear fibers (2). It is represented as such:

In order to effectively study and explore this method of spectral
broadening, an accurate and comprehensive computer simulation
must be developed. The Split Step Fourier Propagation Software
(SSPROP) is a program that utilizes MATLAB and was developed by
The Photonics Research Lab at the University of Maryland. The
SSPROP accurately simulates light propagation through a fiber with
dispersion and self-phase modulation, one of several nonlinear
effects. However, another nonlinear effect, self-steepening, is
required in order to achieve the desired spectral broadening as
previously mentioned. Thus, a comprehensive simulation needs to
include the self-steepening effect in order to provide the results
needed to research the spectral broadening of laser pulses from nearinfrared to mid-IR.

5. Example

Eq. 1. The terms on the left involving β calculate dispersion while the terms on the right inside the
bracket calculate (from left to right) self-phase modulation, self-steepening, and Rayman response time.

In most cases, the NLSE cannot be solved analytically and must be solved numerically (2).
There are several methods with which to numerically solve this equation; however, one of the
more accurate and faster methods is the Split-Step Fourier Method (SSFM).
The SSFM works by assuming that over a very small propagation distance, both the
dispersive and nonlinear effects act independently of each other (1). These small distances are
referred to as the “steps.” Once an initial light pulse is sent, each step is further split in half
where the dispersive effects are calculated over the first half of the step, the nonlinear effects are
calculated in middle of the step within the Fourier transform domain, and the dispersive effects
are calculated again over the second half. The result from each step is the shape of the light pulse
a small distance further down the fiber. This pulse is then used as the initial pulse in the next
step. Then using many steps, a simulation of the initial pulse propagating through the fiber can
be accomplished.

4. Results
The original SSPROP uses the NLSE mentioned previously but does not contain the selfsteepening term. Here is the line of code from the original SSPROP that deals with the nonlinear
effects:

uv = uhalf .* exp(-i*gamma * (abs(u0).^2 + abs(u1).^2) * dz/2);
Here, “uhalf” contains all of the dispersion data from the first half of the step while
“abs(u0).^2 + abs(u1).^2” calculates the first nonlinear effect, self-phase modulation. In order to
simulate the self-steepening effect, this term from the NLSE must be included as well:

Fig 1. This is an example of the results that this program produces. The
blue plot is the initial frequency of the pulse. The green plot is the pulse
after it has propagated through the fiber.

6. Conclusions
The SSPROP provides a stable and accurate simulation for
dispersion and self-phase modulation of laser pulses propagating through
optic fibers. However, in order to simulate pulses with spectral
broadening that can be used to develop laser pulses in the mid-IR range,
self-steepening must be included in the simulation. Using the split-step
method for numerically solving the NLSE, the SSPROP can be modified
to include self-steepening. The present version of this modification is
still an early model that contains a number of bugs and requires a long
runtime. However, several different pulse parameters were tested against
known results and were proven successful. Despite the problems, the
experience gained from this project haven far and above exceeded the
expectations and dreams of the student involved.

2. Progress
When I started this project, I knew very little about fiber optics
and MATLAB. However, I had knowledge of general optics and
computer programming with C++. Given this limitation, I spent the
first two or three weeks teaching myself the properties of fiber optics
and the functions of MATLAB. After I had a general understanding of
both subjects, I familiarized myself with the original SSPROP
program taken from Photonics’ website (2). The website also included
several examples of programming that produced results found in
“Nonlinear Fiber Optics” (1) that I used to help me completely
understand the SSPROP’s process. I was able to tinker with their
example programs and compare them with the results from the book
in order to grasp what each line of the program was used for. I wrote
several reports for Dr. Duan, highlighting my progress with
understanding the SSPROP. After that, I was able to tackle the goal of
adding self-steepening to the simulation.
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The modified line of code to accommodate this term is as follows:

uv = uhalf .* exp(-i.*gamma .*(((abs(u1).^2) + (abs(u0).^2)) (s.*i.*(ddt000+ddt111)) ).*dz/2) ;
Here “s” is the steepening term that equals t0/2π and “ddt000+ddt111” represents the
calculation of the derivative.
There were many more modifications made to other parts of the code in order for this line
to be effective. The entire code was unable to be included on this display and is available
alongside it. Graphing for the final code will also be included with the code itself along with a
sampling of the reports from the first few weeks as detailed in the “2. Progress” section. While
the final code represents a working simulation, it is still in a developmental state with several
bugs that limit some of the parameters. However, the algorithm for the program is stable and the
math has been confirmed.
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